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Description 

BACKGROUND OF THE INVENTION 

The present invention relates to a secondary lithium s 
kMrttery. More specifically, this invention relates to a sec- 
ondary lithium battery in which metallic fithlinn deposits 
and dissolves at Its negative electrode in charging and 

discharging. 

With devefqsment of such portat^le appliances as 10 
personal computer and cellular phone, the demand for 
lotteries as their power source has risen very greatly in 
recent years. A high degree of energy density can 
expected from the lithium battery because lithium is an 
element with a small atomic weight arid a hic^ ionizatiori is 
energy For this reason, there is a mounting call for imv 
ium batteries as power source for portable appliances, 
especially a rechargeable secondary lithium battery, 
and researches have been conducted actively in many 
quarters. 20 

In such lithium batteries, metallic lithium, lithium 
alloys and lithium intercalation materials are used as 
negative electrode active materials. Some smidl-eized 
secondary lithium t>atteries called the coin type or txit- 
ton type are marketed wNch use metallic lithium or lith- 2s 
ium alloy as a negative electrode active material. In the 
secondary lithium batteries of the cylindrical and other 
types used as main power sources for portaksle appli- 
ances, on the other hand. cartx>n materials, mainly lith- 
ium intercalation materials, are used as negative 30 
electrode active materials. 

Of the above-mentioned three negative electrode 
active materials used in the lithium battery, metallic lith- 
ium Is the highest in theoretical capadty density at 
3,862 mAh/ig. It is possible, therefore, to make up a sec- ss 
ondary lithium battery with a high energy density by 
turning the dissolution-deposition reaction of metallic 
lithium into an electrochemical reaction at the negative 
electroda 

The problem with tiie lithium battery with metallic 40 
litiiium as a negative electrode active material is, how- 
ever, that metalifo lithium tends to grow in the form of 
dendrite, and a lithium alloy or lithium intercalatton 
material has to be used depending on the form and use 
of lithium battery. 45 

Dendrite grows when electric current concentrates 
on metallic lithium where lithium tends to deposit in 
charging with a large current flow. Where current con- 
centrates, lithium deposits and grows in tiie form of den- 
drite. The growing dendrite then penetrates the so 
separator layer in time and comes in contact with the 
positive electrode, causing an intemal short-drcuiL 



of dendrite formation and employing the dissolution- 
deposition reaction of lithium metal as electrochemical 
reaction at the negative electrode. 

Ihe present invention provides a secondary lithium 
battery comprising a lithium ion conductive electrolyte 
and positive and negative electrodes in contact there- 
with, wherein the negative electrode comprises a frst 
electrode component where the d^x>sition<iissolution 
reaction of littiium metal takes place during charge-dis- 
charge at the negative electrode and a second elec- 
trode component to prevent lithium metal from dendritic 



BRIEF SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a 
secondary lithium battery that can achieve a high 
energy density by solving the akxsve-mentioned problem 
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In a prel^ed mode of the present invention, the 
first electrode component Is comprised of an electronk: 
conductive material and tiie second electrode compo- 
nent te comprised of a material having electronlc-ionfo 
mixed conduction or semiconduction for electron. 

In another preferred mode of ttie present invention, 
the second electrode component Is formed on the first 
electrode connponent. 

In still anotiier preferred mode of the present inven- 
tion, the second electrode component » comprised of a 
material having electronic-tonic ntixed conduction and 
the electronic conductivity thereof is tower than the tonic 
conductivity of the litiiium Ion conductive electrolyte, 
preferably lower than or equal to 5 x lO'^S/cm. 

In another prefened mode of the present invention, 
the second electrode con^nent is comprised of a 
material having electronic-tonto mixed conduction and 
tiie transport number of electron in the second elec- 
trode component is smaller than that of lithium ton. 

Alsa used in the second electrode component are 
materials whtoh show an oxtoising reaction on lithium 
metal. Still another suitable material as the second elec- 
trode component is the kind of material of which tiie 
equilibrium potential with no lithium metal present at tiie 
negative electrode Is more positive flian 50 mV vs. 

While tiie novel features of the invention are set 
fortii particularly in the appended claims, tiie invention, 
both as to organization and contertt, will be better 
understood and appreciated, along with ottier objects 
and features thereof, lirom tiie following d^ed 
description taken in conjunction witii the drawings. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF 
THE DRAWING 

Fig. 1 are diagrams schematically showing tiie 
potential in charging at tiie negative electrode of sec- 
ondary litiiium batteries according to the present inven- 
tion. 

Rg. 2 are diagrams schematically showing tiie 
process of metallic litiiium being deposited on a metal 
electrode and a semiconductor electrode. 

Rg. 3 is a schematic drawing showing the mecha- 
nism of lithium being kept from growing into dendrite 
according to the present invention. 
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Fig. 4 IS potential cGagrams schematically showing 
the mechanism of lithium being kept from growing Into 
dendrite according to the present Invention. 

Rg. 5 a vertical cross sectional view of a second- 
ary lithium battery in an embodiment of the present 
Invention. 

Fig. 6 is the charge-discharge curves of a second- 
ary lithium battery in an embodiment of the present 
invention. 

Fig. 7 shows charge-discharge cycle characteris- 
tics of a secondary lithium battery in an embodiment off 
the present invention. 

Fig. 8 Is the charge-discharge curves of tiie sec- 
ondary lithium battery of the comparative exampla 

Fig. 9 shows charge-discharge cycle characteris- 
tics of the secondary lithium battery off the conparative 
exanpla 

Fig. 10 is a vertical cross sectional view off a sec- 
ondary lithium battery in another embodiment of the 
present invention. 



ond electrode component placed on the first electrode 
component is described herelnafta-. 

(1) Electronic-ionic mixed conduction 



DETAILED DESCRIPTION OF THE INVENTION 

The present invention is based on a discovery tiiat 
materials sudi as U^TiOa and U^\NOq in the negative 
electrode prevent deposition of litiiium from dendritic 
growth. According to this effect, employing of the dsso- 
lution-deposition reaction of lithium metal as electrode 
reaction at the negative electrode makes It fsosslble to 
construct a secondary litiiium battery with a high energy 
density. 

TTie Inventors surmise tfiat ttie reason why ttie use 
of such materials as U^TiOg and U^WOg in the negative 
elecfrode prevent dendritic formation is one of the fol- 
lowing three effects of those materials or their synergis- 
tic effect. By the three actions, it is understood that such 
materials as UxTi02 and LixWOs have: 

(1) Electronic-ionic mixed conduction, 

(2) Semiconductor-lika property and 

(3) Local oxidation of lithium m^. 

The mechanism of keeping down the growth of den- 
drite by tinose actions are hereinafter described. 

As described later in ttie embodiments and else- 
where, the negative electrode of tfie secondary battery 
according to the present invention is composed of a first 
electrode component for metallic lithium to dissolve and 
deposit namely a negative elecfrode cun-ent collector 
or an elecfrode separately provkled on the negative 
elecfrode cun-ent collector and such materials as 
UxTiOa and LixWOa to keep down the growth of den- 
drite. Hereinafter, such materials as UxTi02 and 
□xWOg to keep down the growtti of dendrite shall be 
called second elecfrode component 

it shouU be noted that the first and the second elec- 
trode components can be made up into a nuxed form, 
but for simplicity's sake, an an^angement witfi the sec- 



Lithium ions in the electrolyte are rendered In a sol- 
vated state by the organfo solvent used In the elecfro- 
lyte. Even if such lithium ions are reduced and 
deposited as metaISc lithium, tiie organic solvent mole- 
10 cules are finnly adsoribed on ttie surface of the lithium 
metal. TTierefore. when metallic litttium deposits contin- 
uously on tiie electrode, the deposition concenfrates at 
an active site on the electrode where the organic solvent 
is less adsorbed, resulting in a dendrite growing. 
IS On the other hand, such materials as LixTiO^ and 
LixWQa show elecfron-lithlum Ion mixed conduction. If 
flTOse materials as second elecfrode components are 
provkied on the first electrode component where metal- 
lic litiTium deposition takes place, tfie lithium ions migrat- 
50 ing in such solids as U^TiOg and UJiNO^ are reduced 
on the first elecfrode component, depositir^ metallic 
lithium. The lithium Ions that migrate in the soiki like that 
are not solvated witti the organic solv«it. and as a result 
. the molecules of the organic solvent are hardly 
25 adsortjed on the interface between the first and the sec- 
ond electrode oorf9X)nent& By provkling an elecfronic- 
lonic mixed conductive second elecfrode component it 
is possible to make up a secondary lithium battery with 
the growtfi of a metallic lithium dendrite kept down. 
30 Such a phenomenon of concentrated deposition Of 
metallic litiiium as mentioned above are also liable to be 
caused by an uneven elecfric double layer. 

In charging the secondary litiiium battery, the lith- 
ium ions in tiie Helmholtz Ic^ on tiie elecfrode suritoe 
35 are reduced and deposited as metalHc lithium. To 
deposit metanic Irthaim not in tiie fomi of dendrite but 
evenly, tiierefore^ it is necessary to keep the Helmholtz 
layer uniform during charging the battery As metallic 
lithium is deposited, ttie lithium ran concenfration in ttie 
40 Helmholtz layer fells, wltti Irthium ions diffusing into it 
from tfie offing In tiie electrolyte. The result is tfiat ttiere 
arises a concenfration gradient of litiiium ion inskle ttie 
elecfrolyte. Since, however, tfie littilum Ion concentra- 
tion is relatively low in ttie electrolyte generally used in 
4s ttie secondary litiiium battery, ttie double layer where 
ttiere arises ttiat lithium ton concenfration gradient will 
spread wkJely from ttie electrode surface toward the off- 
ing. 

As a result ttie diffusing double layer structure is 
50 subject to be effected by ttie form of ttie negative elec- 
frode or the separator and ttie positive elecfrode 
present inskle tfie battery, and in case a disfribution in 
ttie density of electric current flowing in tiie elecfrolyte 
becomes nonhomogeneous. metallic littiium will be 

ss deposited in ttie forni of dendrite in ttie area where elec- 
fric current concenfrates. 

In ttie elecfrortic-ionic mixed conductor, on ttie other 
hand, littiium ions are present in a high concentration 
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and this diffusing double layer gets thin, which wiD keep 
down such a concentration of electric current and a dep- 
osition of metallic IHhium In the form of dendrite as in the 
above-mention ed case. 

ft is desired that the electrordc conductivity of the s 
second electrode component is \ow& than the ionic 
conductivity of the lithium ion conductive electrolyte 
used in the battery. The potential cGagram in the first and 
the second electrode components in such a case is 
shown schematk^ally in Rg. 1 (a). If the electronic con- io 
ductivity of the second electrode component is kiwer 
than the ionk; conductivity of the lithium k>n conductive 
electrolyte, the potential gradient In the second elec- 
trode will be higher than that in the electrolyte. As a 
result, even when the negative electrode shows a is 
potential Vn^g,. therefore, the scope of lithium ton reduce 
tk>n is limited to the area A as indicated in Rg. 1 (a), with 
the deposition of metallic lithium confined to this area. In 
case the electronic conductivity of the second electrode 
component is very high, on the other hand, metallic lith- 20 
ium can deposit in the area B indicated In Rg. 1 (b) or 
the Internee between the second electrode and the 
electrolyte, and the metallic lithium deposited on the 
surface C of the second electrode component takes the 
form of dendrite. 25 

For this reason, it is preferable that the electronic 
conductivity of the second electrode component shouM 
be tower than the ionk: conductivity of the lithium ion 
corxiuctive electrolyte used in the battery, more specifi- 
cally not higher than 5 x lO'^S/cm. 30 

In case, In the second electrode component, the 
Ionic conductivity is inferior to the electronic conductiv- 
ity, electrons pass through the second electrode compo- 
nent before the I'lthlum ions pass through the second 
electrode component and are reduced on the first elec- 3S 
trode component, thus creating a process in which the 
lithium ions are reduced on the surliace C of the second 
electrode component. H is preferable, therefore, that the 
transport nun^er of lithium Ion at the second electrode 
component is higher than the transport number of elec- 40 
tron, more preferably not lower than 5 times as high as 
the transport nun^er of electron. 

(2) Semiconductor-like property 

45 

If the metal electrode is polarized to a more nega- 
tive potential than the metallic litNum potential in the 
lithium ion conductive electrolyte, then there will take 
place an electron transfer from the metal electrode to 
the electrolyte, with the metallic lithium deposited on the so 
electrode. 

On the semiconductor electrode, on the other hand, 
even if the electrode is polarized to a more negative 
potential than the metallic lithium potential, the electron 
transfer is limited to from the conductton band to the ss 
electrolyte as shown In Rg. 2 (b) when the difference 
between the polarized potential and the metallic lithium 
potential is smaller than the difference between the 



potential at the top of the valence band (E^) and the 
FfermI energy (Ep). 

Only themfial-exdted electrons are in the conduc- 
tion band, and the density of electrons with energy high 
enough to reduce lithium ions is low, therefore an elec- 
tron transfer as shown in Rg. 2 (b) will hardly ever take 
place. That is* lithium is hardly deposited on such a 
semfoonductor electrode and. therefore, metallic lithium 
is deposited selectively on the first electrode corr^nent 
shown InRg. 1, thereby the growth of dendrite can be 
kept down. 

To produce such an effect, it Is desiralsle that the 
band gap size (Ee - E^) of the semk»nductor-like elec- 
tronic conductive material used in the second electrode 
is not lower than 0.3 eV, more preferably not fower than 
lev. 

In case the tana gap is too large, on the other 
hand, the electric conductivity of the second electrode 
component will be low. and the internal resistance of the 
secondary lithium battery will t>e high. For this reason. It 
is preferable that the band gap of tiie material used in 
the second electrode component should k>e not higher 
than 5 eV, more preferably not higher than 3 eV. 

(3) Local oxkiatlon of metalfic litHum 

If the second electrode component is a porous 
material, for example, the electrolyte will be found on 
the surface of the first electrode conrponent, toa If the 
battery is charged in such a conditton. it will re&jW in the 
electron transfer from the first electrode component to 
the electrolyte, thus causing metallic lithium to deposit 
between tfie first and second electrode components 
concunrently. Since the metalfic lithium thus deposited is 
due to the reductfon of lithium tons in the electrolyte, it is 
liable to take the fomi of dendrite. A dendrite growth of 
metallic lithium on the first electrode component is 
shown schematically in Rg. 3 (a). 

The relation of the density of intercalation state of 
lithium ions into such materials as LjxTi02 and UxWOa 
to the altered potential is generally represented in Rg. 4 
(a) where those materials are represented by UJAeO^ 
Also, the electrons structure of such materials is shown 
on the right skfe in Rg. 4(b). As the dendrite of metallto 
lithium grows large and comes in contact with the sec- 
ond electrode component as illustrated in Rg. 3 (a), 
electrons win transfer from the metallic lithium in the 
area in contact with the second electrode component 
into the holes created by thermal excitation of electron 
from Band 1 to Band 2 (oxidizing process of metallic lith- 
ium). Along tiierewith. the electrons thermal-excited into 
Band 2 wUI migrate into the metallfo lithium electrode. 

In this process, the part of metallic Ifthium that 
comes in contact with the second electrode conponent 
as shown in Rg.3(b) is oxklized and dissolved, then 
redeposited on the other part of ttie deposited metallic 
lithium. As a result the form of the deposited metallic 
lithium improves in flatness as illustrated in Rg. 3 (c). 
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As this process is repeated, the metaOic lithium 
deposited between the first and the second electrode 
componerts increases in flatness and compactness, 
not growing into a dendrite. 

As described, there take place two reactions simul- s 
taneously in the negative electrode according to the 
present invention: a reaction to oxidize and dissolve 
metallic lithium and the other to reduce and deposit lith- 
ium ic»is. In describing the series of mechanisms above, 
the term "oxidizing reaction" is used to define the oxidis- 10 
ing and dissolving process off the part of metallic lithium 
m contact with the second electrode, and does not 
mean that the second electrode component actually oxi- 
dizes metairic lithium. That is to s^, the reaction men- 
tioned here means that the equilibrium reaction rate 15 
between these oxidizing and dissolving reaction and 
reducing and depositing reaction can be raised by pro- 
viding a second electrode oornponent in the negative 
electrode and that deposited metallic lithium can be 
made flat in the form more effectively. 20 

To keep down \he deposition of metallic lithium In 
the Ibrm of dendrite by aich mechanfem. it is preferable 
that Et or the equilibrium potential with the second elec- 
trode layer showing the most negative potential as far as 
no metallfe lithium present in the negative electrode is 2s 
positive as compared with the littiium electrode poten- 
tial, more preferably more positive then 50 mV vs. U/U*. 

if a secondary lithium battery is to be made up 
which is free from growing a dendrite while tfie dissolu- 
tion-depositi'on reaction of metallic lithium is enployed 30 
as electrochemical reaction at the negative electrode, it 
is required ttiat the second electrode component shows 
at least one of tiie aforementioned ttiree actions. 

More preferably, ttie second electrode conponent 
used in tfie negative electrode shows more ttian one of as 
ttiose actions, so that ttie synergistic effect can effec- 
tively keep down tfie deposition of lithium in the fbrni of 
dendrite. 

Those tiiree actions have to be shown only when 
the second electrode component is polarized in ttie 4o 
neighbortiood of tfie littiium electrode potential; tiiose 
actions are not required over a wkie potential ranga 

Among the preferred materials to make up a sec^ 
ond electrode component showing ttiose actions are 
such transition metal oxides as titanium oxkJe, tungsten 4s 
oxide, vanacfium oxfcle, niobium oxide, molybdenum 
oxide and ttie fike. Those transition metal oxMes 
become littiium-transition metal complex oxides to act 
as electron-lithium ion mixed conductor as lithium ions 
aredoped in a charging reaction of ttie battery. Also, ttie so 
materials doped witfi littiium ions prior to fomiing a bat- 
tery can be used in ttie same way: ttie same effects can 
also be obtained witti ttiose materials doped witti 
sodium ions, potassium tons or ttie like instead of litti- 
ium ions. 

Also, among the materials that show the same 
acto'ons. tiansition metal-contained nitrides can be used. 
Similar results can also be obtained witti such tran- 



sitim metal sulfide as molybdenum disulfide, titanium 
disulfide and a variety of Chevrel phase conpounds 
instead of transition metal-contained oxkies. Those 
transition metal sulfides show metalfic conduction as 
compared witti transition metal oxides: and therefore 
more preferable are transition m^ ODddes. 

Fbr simflar reasons, tiansition metai-contained 
oxides are more preferably used than carton materials 
such as graphite. 

LiuxMxTi2,x(P04)3(M=AI, Sc. Y, La ete.), Uqs. 
sxREas^xTiOa (RE = rare eartti elements such as La. 
Pr. rsW and Sm) and the like are generally called frthium 

conductive solid electrolyte. However, if batteries 
vwtti solid electrolytes containing ttiose transition metals 
as a second elecbxxte component are charged, a reduc- 
tion reaction 

Ti^^T|3+ 



will occur, showing an elecfaron-lithium ion ntod con- 
duction, and ttiose compounds, ttierefore. can be used 
as material for second electrode conponent as well. 

A number of littiium batteries witti ttie dissolving 
and deposition reaction of metallic littiium as electrode 
reaction at ttie negative elecbtxie have been previously 
disclosed in which some technk?ues of providing a sec- 
ond electrode conrponent are proposed to improve ttie 
cycle characteristics; iar example, provision of a littiium 
tonic and electi-onic conductive coating layer on metalSc 
Irthium (Japanese Laid-Open Patent Pubtication Hei 4- 
248276). provision of littiiunvdiffused porous carton 
sheet on an aluiriinum-littiium alloy layer (Japanese 
Laid-open Patent Publication Hei 4-162372) and provi- 
sion of a protective layer comprised mainly of cartxjn 
material over a metallic littiium sheet or a littiium alloy 
sheet (Japanese Uid-Open Patent Publlcatfon Hei 4- 
229562). 

In ttie secondary littiium battery according to ttie 
present invention, any of those materials including 
metallic lithium and littiium alloy and ottier electronic 
conductive materials can to used as material to make 
up afirst elecbode component of the negative elecfrode 
where ttie deposition and dissolving reaction of metallic 
Irthium takes placa 

The problem is. however, that ttie frst electrode 
component is one on ttie surface of which metallic lith- 
ium deposits and dissolves, and if metallic littiium is 
used as first electrode component, ttie first electrode 
component rtseif undergoes a deposHionKiissolution 
reaction during charge<fischarge off ttie battery, result- 
ing a change in ttie surface configuration etc.; ttius it is 
difficult to obtain statile operating characteristics. 

VWtti a material liable to have an irreversible reac- 
tion witti metailte littiium. too. the initial charge-dis- 
charge efTidency will fall. In case a metal liable to form 
an alloy witti littiium is used as material to make a first 
electrode component, ttierefore. it is necessary to use 
one witti a high reversibility of electrochemfoal alloy- 
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forming reaction with lithium. Among the materials 
meeting this requirement are metallic Indium and metal- 
tic aluminum. Rrst electrode components in which those 
metals are used to form an alloy with lithium In the bat- 
tery, txjt ones alloyed in advance can also be used. 

To solve those problems, furthermore, it is prefera- 
ble to use a electrode component which Is made of 
a material less likely to cause a deposition-dissolution 
reaction ksy itself while the battery is in operation. To be 
specific, preferable is that the material should be insolu- 
ble In the electrolyte within the potential range at which 
the negative electrode is placed with the battery in oper- 
ation or the potentiai range more negative than 1 V vs. 
Li/U+ at least. 

Among the especially prefen^ed such materials the 
constituents of wNch are not prone to a dissolution-dep- 
osition reaction and, furthenrwre. an irreversible reac- 
tion with metallic lithium are metallic copper, nickel, 
tungsten, iron and ion4)ased alloys including stainless 
steel. 

The cart>on material is also preferably used, 
because its reaction is high in reversibility and also 
because cart>on is hard to dissolve and deposit though 
It fbrms an tnterlayer connpound with lithium. 

To keep down the abcvenmentioned deposrtksn of 
metallic lithium In the form of dendrite, it is preferatsle 
that a second electrode component is formed on a first 
electrode component 

However, it is possit^le to make up a negative elec- 
trode with the first and second electrode component 
materials mixed togettier. It is still preferable that a sec- 
ond electrode component is formed on the layer of the 
mixture of the first and second electrode component 
materials. That increases the first electrode area where 
metallic lithium is deposited and can effectively keep 
down the deposition of metalfic lithium in the form of 
dendrite, because the first electrode component is not 
exposed in tiie electrolyte. 

It is also preferable that the materials used as sec- 
ond electrode component are in the form of powder with 
a surfece area of not smaller tiian 50 m^/g. Such a high 
surface area can shorten the diffusing length of lithium 
ions in the second electrode component material, rais- 
ing the operating current of the battery 

Now, the present invention will be further described 
in detail with embodiments. 

Embodiment 1 

In this embodiment, a secondary lithium k>attery 
was made up using a lithium-doped titanium oxkle 
(UxTiOa) as an electronic-ionic mixed conductor. The 
details are hereviafter desafoed. 

Rrst a negative electrode was prepared in the fol- 
lowing manner. 

A titanium oxide of the anatase type was used. This 
titanium oxKle and a binder polyvinylidene fluoride 
(hereinafter refenred to as PVDF) were blended in a mix- 



ing ratio of 95:5 by weight in N-metfiyl-a-pyrolizidone 
(hereinafter referred to as NMP). More NMP was tiien 
added to adjust the viscosity to prepare a sluny contain- 
ing titanium oxkJe and PVDF. 

5 A copper foil was used as a fvst electrode compo- 
nent (cunrent oollectof). Over this copper foil was coated 
tiie aforementioned siunry by doctor blade technique, 
which was then dried in hot air at SO^'C and tiien rolled. 
Thus, a second electrode component comprised mainly 

10 of the electronicHoruc mixed conductor titanium axkie 
was foniied on the first electrode conponent. A disk 
1&5 mm in diameter punched out from the electrode 
was used as a negative electrode for tiie secondary lith- 
ium battery. 

IS In the present embodiment it is noted, a tiifokness 
of the second electrode composed of titanium oxide 
was approximately 100 ^m. 

Titanium oxide is a semiconductor with a wkie band 
gap. but in the secondary litiiium battery of the present 

20 errtediment titanium oxide shows electronic conduc- 
tion through a reactfon for lithium ions to be doped in 
titanium oxkie and acts as electronic-tonic mixed con- 
ductor, the reaction represented by fornula (1). 

as Ti02 + xU+ + XB-->LixTiO2 (1) 

As an active material for the positive electrode, 
UC0O2 vvas used which had been obtained in the fol- 
lowing way. 

30 The starting materials used were U2CO3 and 
C03O4. These U2^X)s and C03O4 were mixed in a mole 
ratio of 3 : 2; this mixture was then placed in an alumina 
crucibie and heated for 24 hours at 7S0rC to produce 
UCoO^. 

3S The synthesized UC0O2 was blended with 5 per- 
cent, by weight, of polytetrafluoroettiylene (PTFE) as a 
binder and 5 percent by weight of "Ketehen Black" as a 
conductive material. Then. 40 mg of this mixture was 
filled into a cun-ent collector made of a stainless steel 

40 mesh punched into a disk 16 mm in diameter to form a 
positive electrode. 

The lithium ton conductive electrolyte was prepared 
by dissolving, to a concentration of 1 .0 M, litiiium phos- 
phorous hexafluorkle (LiPFe) in a mixed solvent pre- 

45 pared by mixing propylene cartx)nate (PC) and 
dimethoxyettiane in a volume ratio of 1 : 1 . 

A secondary litiiium battery was fakxicated using 
tiiese positive electrode, negative electrode and electro- 
lyte and a polypropylene porous film with a tiiickness of 

50 50 (im as a separator. 

The negative electrode was made of a copper foil 1 
as a first electrode component and a second electrode 
layer 2 comprised mainly of titanium oxWe. This nega- 
tive electrode, separator 3. positive electrode 4 with a 

55 stainless mesh to serve as a cunrent collector and to 
hold the positive electrode, and tiie electrolyte were 
sealed in a stainless stee) battery case 6 with a stain- 
less steel sealing plate 7 provided with a gasket 8 on the 
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periphery. 

The lithium battery thus obtained was subjected to 
a charge-discharge cyde test at a constant cun-ent of 5 
mA within a voltage range between 3.0 V and 4.2 V. Fig. 
6 shows the charge-discharge curve of this lithium bat- s 
tery. Rg. 7 shows the change with cycles in the dis- 
charge capacity. 

These results showed that the battery accoiding to 
the present Invention shows good cycling performance 
with little degradation observed in discharge capacity n 
with charge<lischarge cycles. The operating voltage of 
this battery is approximately 4 V. and ttie potential at the 
negative electrode of this battery seems about the same 
as tfie lithium electrode potential, which incficates that 
the reaction at ttie negative electrode of ttie battery dur- is 
ing charging and discharging is a deposition-dissolution 
reaction of metallic lithium. 

In Fig. 6, however, the charge cun/es were found 
not to be flat at the beginning of ttie charging. In ttiat 
segment it is considered that tiiere took place a reac- 20 
tion for lithium ions to be doped in titanium oxide, the 
reaction represented by formula (1). There was also 
obsewed a segment not flat In voltage, ttie explanation 
for which it Is thought Is ttiat a reaction just opposite to 
the at)ove-mentioned took place. 25 

After charging, the above-mentioned battery was 
disassembled, and tiie cross section of ttie negative 
electrode was examined under ttie scanning electron 
microscopa The resutts showed ttiat metafflc Irthium 
had deposited only between ttie second and first elec- 30 
trode components of ttie negative electrode and tfiat ttie 
deposition was not in the form off dendrite but high In 
compactness and flatness. 

As has been observed, it was found that a second- 
ary lithium battery can be obtained according to ttie as 
present inv^rttion which does not cause metallic littiium 
to grow in the form of dendrite though the electrode 
reaction at ttie negative electtode Is deposition-dissolu- 
tion reaction of lithium metal. 

Ck)mparative Example 1 

In tills comparative example, a secondary littiium 
battery was made up wittiout using ttie electrode com- 
prised mainly of IHhium<loped titanium oxide which had 4S 
been used as the electronic-Ionic mixed conductor in 
Embodiment 1 . The details are descrfoed hereinafter. 

The same copper foil as in Embodiment 1 was used 
in ttie first electrode component of ttie negative elec- 
ttode. But ttie negative electrode was made up wittiout so 
forming a second electrode component conprised 
mainly of titanium oxide thereon. 

Except that tills negative electtode was used, a 
secondary littiium battery was fatyicated in ttie same 
manner as in Embodiment 1 and ttie charge-discharge 55 
behavior was examined. 

The charge-cGschaige curves obtained are shown 
in Fig, 8, and the change witii charge-discharge cycles 



in ttie dscharge capacity is shown in Rg. 9. 

The results showed tiiat ttiis battery was not higher 
than 90 percent in ttie charge<iischarge efHciency (ratio 
of ttie quantity of electricity discharged to ttie quantity of 
elecfricity charged) »n charge<lischarge cydes and ttiat 
a signTicant drop was observed witti chargeKfischarge 
cycles in ttie quantity of electricity discharged. 

After charging, the above-mentioned battery was 
disassembled, and when ttie cross section of tiie nega- 

> tive electtode was examined under SEM, a deposition 
of metallic littiium in ttie form of dendrite was found on 
ttie copper foil. 

It is considered from ttiose resutts ttiat in ttie sec- 
ondary littiium battery of ttie present conparative exam- 

' pie. littiium is depostted in ttie forni of dendrite in 
charging and tills littiium in the fonn of dendrite can not 
discharge completely, which is tfie cause for the drop in 
tiie characteristics of ttie battery witti charge<Jischarge 
cycles. 

Embodiment 2 

Except ttiat littiium-doped tungsten oxide (UxWOg) 
was used as an electronic-fonic mixed conductor, a sec- 
ondary Itthium battery was made up In tfie same man- 
ner ^ in Embodiment 1 and its characteristics were 
examined. The details are described hereinafter. 

The negative electtode fbr ttie secondary lithium 
battery in ttie present embocfiment was made in the 
same manner as In Embodiment 1 except ttiat tungsten 
oxide was used instead of titanium oxide used in 
Embodiment 1. 

Except ttiat tills negative electtode was used, a 
secondary littiium battery was made up in ttie same 
manner as in Embodiment 1 and fts charge-discharge 
behavior was examined. 

These results showed tiiat the battery according to 
ttie present invention is high in charge-discharge cyde 
characteristics wrth little changes obsen^ed in discharge 
capacity witti charge^iscterge cycles. The operating 
voltage of tfiis battery is approodmalely 4 V, and ttie 
potential at the negative electtode of this battery Is 
about ttie same as ttie littiium electtode potenta'al. which 
indicates that ttie reaction at tiie negative electtode of 
ttie battery during charging and discharging is a deposi- 
tt'on-dissolution reaction of metallic littiium. 

In ttie charge^lischarge curves, however, ttiere was 
a change in shape In ttie segments not flat in ttie initial 
and final stages which was considered to conespond to 
tiie doping reaction and tiie de^oping reacb'on of Irth- 
ium ions into and from titanium oxide represented by 
formula (1) as was observed in Embodiment 1 . That is, 
rt IS tfiought because ttiere occurred a doping reaction 
of littiium ions into ttjngsten oxide represented by for- 
mula (2) instead of ttie doping reaction of littiium ions 
into titanium oxide represented by formula (1). 

W03 + xU* + xe"-^UxW03 (2) 
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After charging, the above-mentioned battery was 
disassembled, and the cross section of the negative 
electrode was exsunined under SEM. The results 
showed that metallic lithium had deposited only 
between the second and first electrode components of 
the negative electrode and that the deposition was not 
in the form of dendrite but high in oonqjactness and flat- 
ness. 

As has been observed, it was found that a second- 
ary lithium battery can be obtained accoitiing to the 
present invention which does not caise metalfic lithium 
to grow In the form of dendrite though the deposition- 
dissolution reaction of metallic lithium is utilized as reac- 
tion at the negative electrode. 

EmtxxiimentS 

Except that lithium-doped vanadium oxide 
(LixV205) was used as an electronic-ionic mixed con- 
ductor, a secondary lithium battery was produced in the 
same manner as in Embocfiment 1 and its characteris- 
tics were examined. 

The negative electrode for the secondary lithium 
battery in the present embodiment was made In the 
same manner as in Embodiment 1 except that vana- 
dium oxide was used Instead of titanium oxide used In 
Embodiment 1. 

Except that this negative electrode was used, a 
secondary lithium battery was produced in the same 
manner as in Embodiment 1 arid its chwge-discharge 
behavior was examined. 

These resuHs showed that the battery according to 
the present invention Is high in charge-discharge cyde 
characteristics with RtUe changes observed in discharge 
capacity with charge-discharge cycles. The operating 
voltage of this battery is approximately 4 V. and the 
potential at the negative electrode of this battery is 
about the same as the lithium electrode potential, which 
indicates that the reaction at the negative electrode of 
the battery during charging and discharging is a deposi- 
tion-dissolution reaction of metallic iithium. 

In the charge-discharge cun/es, however, there was 
a change in shape in the segments not flat in the initial 
and final stages which vm considered to conrespond to 
the doping reaction and the de-doping reaction of lith- 
ium ions into and from titanium oxide represented by 
formula (1) as was obsen^ed in Embodiment 1. That is. 
it Is tliought. because there occurred a doping reaction 
of lithium ions into vanadium cxide represented by for- 
mula (3) instead of the doping reaction of lithium ions 
into titanium oxide represented Isy fbmnula (1). 

VgOs + xU* + xe" UxVaOs (3) 

After charging, the atx>ve-mentioned battery was 
disassembled, and the cross section of the negative 
electrode was examined under the scanning electron 
microscope (SEM). The results showed ttiat metallic 



lithium had deposited only between tiie second and first 
electrode compon^ of the negative electrode and 
that the deposition was not in the form of dendrite bi|t 
high in compactness and flatness. As has been 
5 observed, it was found that a secondary fithium batt^ 
can be obtained according to the present invention 
which does not cause metallic lithium to grow in the 
form of dendrite though the deposition-dissolution reac- 
tion of metallic lithium is utilized as reaction at the neg- 
ro ative electroda 

Embodiment 4 

Except that an electrochemlcally reduced lithium 
IS ion conductive solid electrolyte represented by 
U1.3AI0.3Ti1 7(^04)3 was used as an electronic-ionic 
mixed conductor, a secondary lithium battery was made 
up in the same manner as in Embodiment 1 and its 
characteristics were examined. 
20 The lithium ion conductive sofKi electrolyte repre- 
sented by U, aAb^Tii yiPO^^ was synthesized by mbc- 
ing lithium carbonate (LizCQa) and aluminum oxide 
(AlaOa), titanium oxide fHOg), and ammonium hydro- 
genphosphate ((NH4)2HP04) in a mole ratio of 0.65 : 
25 0.15 : 1.7 : 3. and tfien heating in tiie atmosphere at 
800°C. 

, Except that .sAlcaTii jlPO^k thus obtained was 
used instead of titanium oxide used in Embodiment 1, 
the negative electrode for the secondary littiium battery 

30 in the present embodiment was made in the same man- 
ner as in EmiMdiment 1. 

Except that this negative electrode was used, a 
secondary lithium battery was produced in the same 
manner as In Embodiment 1 and its charge-discharge 

35 behavior was examined. 

These results showed tfiat tiie battery according to 
the present invention is high in chcurge-cfischarge cyde 
characteristics with littie changes observed in discharge 
capacity with charge-discharge cydes. The operating 

40 voltage of this battery is approximately 4 V, and the 
potential at the negath/e electrode of tNs battery is 
about the same as the littiium electrode potential, which 
indicates that ttie reaction at ttie negative electrode of 
the battery during charging and discharging is a deposl- 

45 tion-dissolution reaction of metallic lithium. 

In the charge-discharge curves, howe/er, there was 
a change in shape in the segments not flat in the initial 
and final stages which was considered to correspond to 
the doping reaction and the de-doping reaction of litti- 

50 ium ions into and from titanium oxide represented by 
fonnula (1) as was obsen^ed in Embodiment 1 . That is. 
it is thought, because there occurred an electrochemical 
redudng reaction of lithium ion conductive solid electro- 
lyte represented by Ui .3Alo.3Tii.7(P04)3 instead of ttie 

55 doping reaction of lithium ions into titanium oxide repre- 
sented by formula (1), 

When the battery was disassembled after it was 
charged, it was found that ttie electrode layer fomied l>y 
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L«i^Alo.3Tii.7(P04)3 turned black, indicating that 
Lii.3Alo.3Tii7(P04}3 changes from a non-electronto 
conductive solid electrolyte to an electronicHonic mixed 
conductor as it is reduced electrochemicaHy. 

After charging, the above-mentioned battery was s 
disassembled, and the cross section of the negative 
electrode was examined under SEM. The results 
showed that metanic lithium had deposited only 
between the second and first electrode components of 
the negative electrode and that the deposition was not 10 
in ttie form of dendrite but high in compactness and f lat- 
nes& 

As has been observed, it was found that a second- 
ary lithium battery can be obtained according to tfie 
present invention which does not cause metallic littiium is 
to grow in the form of dendrite though the deposition- 
dissolution reaction of metallic littiium is utilized as reac- 
tion at the negative electroda 

Embodiments 20 

Except tiiat an electrochemically reduced lithium 
ion conductive solid electrolyte represented by 
Lio.s^.s'TiOa was used as an electronic-ionic mixed 
conductor, a secondary lithium battery was made up in 2s 
the same manner as in Entxxiiment 1 and its character- 
istics were examined. 

The littiium ion conductive solid electrolyte repre- 
sented tjy Uo.sL^.s'nOa was syntiiesized by mixing litti- 
ium carbonate (U2CO3) and lanttianum oxide (LagOa) 3o 
and titanium oxide (TiOa) in a mole ratio of 0.25 : 0.25 : 
1. and tiien heating in the atmosphere at 1,200**C. 

The negative electrode for tiie secondary littiium 
battery in the present embodiment was made In the 
same manner as in Emtxxjiment 1 except that 3S 
L'o.sLao.s'nOs ttius obtained was used instead of tita- 
nium oxide used in Embodiment 1. 

Except ttiat ttiis negative electrode was used, a 
secondary littiium battery was produced in ttie same 
manner as in Embodiment 1 and its charge-discharge 40 
behavior was examined. 

These results showed that the battery according to 
the present invention is high in charge^iischarge cyde 
characteristics witti littie changes dbserved in discharge 
capacity witfi charge-discharge cydea The operating 45 
voltage of ttiis battery is approximately 4 V. and the 
potential at ttie negative electrode of ttite battery is 
about ttie same as the lithium electrode potential, which 
indicates ttiat the reaction at the negative electrode of 
the battery during charging and discharging is a deposi- so 
tion-dissolution reaction of metallic lithium. 

In the charge-discharge curves, however, there was 
a change in shape in the segments not flat in the initial 
and final stages which was considered to correspond to 
the doping reaction and the de-doping reaction of lith- ss 
ium ions into and from titanium codde represented by 
formula (1) as was observed in Embodiment 1 . That is. 
it is ttiought because there oocuned an electrochemical 



reducing reaction of littiium ion corviuctive solid electro- 
lyte represented tjy UcsLao sTiOa instead of ttie doping 
reaction of littiium tons into titanium oxide represented 
by formula (1). When ttie battery was disassembled 
after it was charged, it was found tiiat ttie electrode layer 
fomied by Uo sLscsTiOa turned deep blue, indicating 
ttiat Uo sLao sTiQa changed from a non-electronic con- 
ductive solid electrolyte to an electronic-ionic mixed 
conductor as it was reduced electrochemically. 

After charging, ttie above-mentioned battery was 
disassembled, arxi tfie cross section of ttie negative 
electrode was examined under SEM. The results 
showed ttiat metallic littiium had deposited only 
between ttie second and first electrode conrponents of 
the negative electrode and ttiat ttie deposition was not 
in the form of dendrite but high in compactness and flat- 



As has been ot)served. it was found ttiat a second- 
ary littiium battery can be obtained according to ttie 
present invention which does not cause metallic lithium 
to grow in the form of dendrite though the deposition- 
dissolution reaction of metallic littiium is utilized as reac- 
tion at ttie negattve electrode. 

Embodiment 6 

Except that LiNlOg was used as a positive electa-ode 
active material, a secondary lithium battery was made 
up in tiie same manner as in Embodiment 1 and its 
characteristics were examined. 

UNi02 was syntiiesized by mixing nid^I oxide 
(NiO) and titanium carbonate (UaCX^g) in a mole ratio of 
2:1. and ttien healing tiie mixture in a stream of oxygen 
at600*»C. 

Except ttiat ttiis UNiOg was used instead of 
UC0O2. a secondary lithium battery was made up in ttie 
same manner as in En^xxiiment 1 and its charge-dis- 
charge behavior was examined. But the final charging 
voltage was set at 4.1 V. 

These results showed ttiat tfie tottery according to 
the present invention is high in charge^iischarge cycle 
characteristics with little changes observed In discharge 
capacity with charge-discharge cycles. The operating 
voltage of ttiis battery is appioximateiy 3.9 V, and ttie 
reaction at ttie negative electrode of ttils battery during 
charging and discharging is a deposition-dissolution 
reaction of metallic litNum. 

After charging, ttie atx)ve-mentioned battery was 
disassembled, and ttie cross section of tiie negative 
electrode was examined under SEM. The results 
showed that metallic lithium had deposited only 
between ttie second and first electrode components of 
the negative electrode and ttiat tiie deposition was not 
in the form of dendrite but high in compactness and flat- 



As has been observed, it was found ttiat a second- 
ary littiium battery can be obtained according to ttie 
present invention which does not cause metallic lithium 
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to grow in the form of dendrite though the deposHion- 
dissolution reaction of metaDic lithium is utilized as reac- 
tion at the negative electroda 

Embodiment 7 

Except that LiMn204 was used as a positive elec- 
trode active material, a secondary lithium Ijattery was 
made up In the same manner as in Emt)odlmenl 1 and 
its characten'stics were examined. 

UMn204 was synthesized by mixing lithium carbon- 
ate (IJ2CO3) and manganese acetate (Mn(CH3COO)2 
and heating the mixture in the atmosphere at 750**. 

Except that this UMn204 was used instead of 
UCoOz. a secondary lithium battery was made up in the 
same manner as in Embodiment 1 and its charge-dis- 
charge behavior was examined. 

These results showed that the battery accoiding to 
the present Invention is high in charge-discharge cyde 
characteristics with little changes observed in discharge 
capacity with charge-discharge cycles. The operating 
voltage of this battery is approximately 4 V. and the 
potential at the negative electrode of tiiis battery is 
about ttie same as the lithium electrode potential, which 
Indicates tiiat the reaction at the negative electrode of 
the battery during charging and discharging Is a deposi- 
tion-dissolutton reaction of metallic lithium 

After charging, the atX3ve-mentioned k>attery was 
disassemt)led, stkI the cross section of the negative 
electrode was examined under SEM. The results 
showed that metallic lithium had deposited only 
between the second and first electrode components of 
the negative electrode and ttiat the deposition was not 
in the form of derKirite but high in compactness and flat- 
nes& 

As has been obsen/ed, it was found tiiat a second- 
ary lithium battery can be otrtained according to the 
present invention which does not cause metallic litiilum 
to grow In tfie form off dendrite ttiough the deposition- 
dissolution reaction of metallic lithium is utilized as reac- 
tion at the negative electrode. 

Embodiment 8 

Except that a stainless steel fbU was used as a first 
electrode component instead of the copper foil used In 
Enrfoodiment 1, a secondary lltfiium battery was made 
up in tiie same manner as in Embodiment 1 and its 
characteristics were examined. 

These results showed that the battery according to 
the present Irvention is high in charge-discharge cyde 
characteristics witii littie changes observed in discharge 
capadty witii charge-discharge cydes. The cperat^ 
voltage of this battery is approximately 4 V. and ttie 
potential at ttie negative electrode of tills battery Is 
about ttie same as the Ifttilum electrode potential, which 
indicates that the reaction at the negative electrode of 
the battery during charging and discharging is a deposi- 



tion-dissolution reaction of metallic littiium. 

After charging, the atxive-mentioned battery was 
disassembled, and tfie cross section of ttie negative 
electrode was examined under SEM. The results 
5 showed that metallic littiium had deposited only 
between tiie second and first electrode components of 
the negative electrode and that ttie deposition was not 
In the form of dendrite but high in compactness and flat- 
ness. 

70 As has been observed, it was found ttiat a second- 
ary iititium battery can be obtained accoiding to ttie 
present inv^on which does not cause metallic Rttiium 
to grow in ttie form of dendrite though tiie deposition- 
dissolution reaction of metaOfo littiium is utilized as reac- 

15 tibn at ttie negative electrode. 

Embodiments 

Except ttiat a nickel fdl was used as a first elec- 
20 trode component instead of ttie copper foil used in 
Embodiment 1. a secondary littiium battery was made 
up in ttie same manner as in Embodiment 1 and its 
characteristics were examined. 

These results showed ttiat the battery according to 
25 the present invention is high in charge<Bscharge cyde 
characteristics witti little changes (Served In discharge 
capacity witti charge-discharge cydes. The operating 
voltage of ttiis battery Is approximately 4 V, and ttie 
potential at the negative electrode of this battery is 
about the same as ttie littiium electrode potemial, which 
indicates that ttie reaction at the negative electa'ode of 
ttie battery during charging and discharging is a deposi- 
tion-dissolution reaction of metallic litiiium. 

After charging, the above-mentioned battery was 
disassembled, and tfie ctoss section of the negative 
eledrode was examined under SEM. The results 
showed that metallic lithium had deposited only 
between tiie second and first electrode components of 
the negative electrode and ttiat ttie deposition was not 
in the form of dendrite but high in compactness and flat- 
ness. 

As has been observed, it was found ttiat a second- 
ary littiium battery can be obtained according to ttie 
pres«Tt invention which does not cause metallic lithium 
to grow in tiie fomi of dendrite though the deposition- 
dissolution reaction of metallic littiium is utilized as reac- 
tion at the negative eledrode. 

Embocfiment 10 

Except that graphite was used as a first electrode 
component instead of the copper foil used In Embodi- 
ment 1 , a secondary lithium battery was made up in the 
same manner as In Embodiment 1 and its characteris- 
tics were examined. The details are hereinafter 
described. 

Rrst. a negative electrode was prepared in the fol- 
lowing manner. 
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Graphite and a binder PVDF were blended in a mix- 
ing ratio of 95:5 b/ weight in N-methyl-2-pyrolizidone 
(NMP). More NMP was then added to adjust the viscos- 
ity to prepare a slimy containing graphite and PVDF. 
This slurry was coated over the current collector copper s 
foil by doctor blade technique, and then dried in hot air 
at 80°C to form a first electrode component On this first 
electrode component was then fanned a second elec- 
trode component oomfyised mainly of the electronic- 
ionic mixed conductor titanium oxide in the same man- w 
ner as Embodiment 1. A disk 16.5 mm in diameter was 
punched out off the electrode thus obtained and was 
used as a negative electrode for the secondary lithium 
battery. But the content of graphite in the negative elec- 
trode was 20 mg. 

Except that the negative electrode thus obtained 
was used, a secondary lithium battery was made up in 
the same manner as in Embodiment 1 and Its charge- 
discharge behavior was examined. 

These results showed that the battery according to 20 
the present Invention is high in charge-discharge cyde 
characteristics with little changes ot»erved in discharge 
capacity with charge-discharge cycles. The operating 
voltage of this battery is approximately 4 V. and the 
potential at the negative electrode of this battery is ^ 
about the same as tiie IHhium electrode potential, which 
indicates that the reaction at the negative electrode of 
tiie battery during charging and dischaitf ng is a deposi- 
tion-dissolution reaction of metaflic nthlum. 

In the charge-discharge cun/es. however, tiiere was 30 
a change In shape in the segments not flat in the initial 
and final stages which was considered to con^espond to 
the doping reaction and the de-doping reaction of lith- 
ium ions into and from titanium oxide represented by 
formula (1) as was observed in Embodiment 1. That is. as 
it is thought because there occun^ed a reaction for lith- 
ium ions to be doped into the layers off ^aphite repre- 
sented by formula (4) in addition to a reaction for litfiium 
ions to be doped into titanium oxide r^resenled by for- 
mula (1) at the second electrode component off the neg- 4o 
ative electrode. 



Embodmentll 



Cfi + xU^ + xe-^CeLij, 



(4) 



After charging, the above-mentioned battery was 4s 
disassembled, and the cross section off the negative 
electrode was examined under SEM. The results 
showed that metallic fithium had deposited only 
between the second and ffirst electrode conponents of 
the negative electrode and tfiat the deposition was not so 
in ttie form off dendrite Ixit high in compactness and flat- 
ness. 

As has been observed, it was found tiiat a second- 
ary lithium battery can be obtained according to the 
present Invention which does not cause metallic littiium ss 
to grow in the form of dendrite tfiough the deposition- 
dissolution reaction off metallic lithium is utilized as reac- 
tion at ttie negative electrode. 



In tiie present embodiment a soTid-state secondary 
lithium batt^ was made up using litfiium-doped tita- 
nium oodde (UxTI02) as an electronic-ionic mixed con- 
ductor as in Embodiment 1 and a littiiunvion conductive 
oxysulffide glass represented by 0.01 U3PO4 - 0.63 UgS 
- 0.36 SiS2 as a Htfiium ion conductive dectrolyta The 
details are hereinafter descrfoed. 

First a littiium ion conductive oxysulffide glass reo- 
resented by 0.01 U3PO4 - 0.63 UgS - 0.36 SIS2 
synthesized. Lithium phosphate (U3PO4). fitttlum sutfde 
{L12S) and siUcone sulffide (SiSg) were blended in a mole 
ratio of 0.01 : 0.63 : 0.36, and ttie mixture was then 
placed m a glassy carbon cmcible. The crucible was 
heated to 950*0 In a stream of argon so that tfie mixture 
was in a molten state. After two hours, ttie melt was 
dropped between twin rollers and quenched to c^n a 
lithium Ion conductive ©cysulffide glass represented by 
0.01 Li3P04 - 0.63 LigS - 0.36 SiSg. 

A powder off the solid electrolyte ttius obtained and 
crushed and the anatase-type titanium oxide as an elec- 
tronic-fonic mixed conductor as In Embodiment 1 were 
blended in a ratio off 4 : 6 by weight to produce a mate- 
rial for a second electrode component off ttie negative 
electrode 

For ttie positive electrode. UCoOg obtained in 
Embodiment 1 and ttie above-mentioned solid electro- 
lyte powder were blended in a ratio of 6 : 4 by weight 
and this mixture was used. 

A secondary littiium battery witti a croes section as 
shown in Rg. 10 was made up using the above positive 
negative electrodes and electroiyta In Fig. 10, ttie refer- 
ence number 11 indicates a stainless steel sealing 
Plata which is also ttie first electrode component of ttie 
negative electroda The reference number 12 is a sec- 
ond electrode component off ttie negative electrode 
made off a mixed layer off titanium oxide and ttie solid 
elecfrolyte powder obtained abova Three layers - ttie 
second electrode conponent 12. solid electrolyte te^er 
13 and positive electrode 14 - are compressed Into one 
pieca 15 is a stainless steel battery casa and 16 is a 

The Whlum battery ttius obtained was subjected to 
a charge-discharge cycle test at a constant current off 5 
mA wittiin a voltage range between 2.5 V and 4.2 V. 

These results showed ttiat ttie battery according to 
ttie present invention is high in chargoKlischarge cycle 
characteristics witti llttie changes observed in discharge 
capacity witfi chargecOscharge cycles. The operating 
voltage off this battery is approximately 4 V. and ttie 
potential at ttie negative electrode off this battery is 
about ttie same as ttie littiium electrode potential, which 
indicates that ttie reaction at ttie negative elertrode off 
ttie battery during charging and discharging is a deposi- 
tion-dissolution reaction of metallic littiium. 

After charging, ttie above-mentioned battery was 
cut up. and ttie cross section of ttie negative electrode 



11 



21 



EP0a75 951 A1 



22 



was examined under SEM. The results showed that 
metallic lithium had deposited only between the second 
and first electrode components of the negative elec- 
trode and that the deposition was not in the form of den- 
drite but Mgh in compactness and flatness. 

As has been observed, it was found that a second- 
ary lithium battery can be datained according to the 
present invention which does not cause metallic lithium 
to grow in the form of dendrite though the deposition- 
dissolution reaction of metallic lithium Is utilized as reac> 
tion at the negative electroda 



Comparative Exanple 2 

In the present comparative example, a solW-state 
secondary fithium battery was made up without using 
the electronic-ionic mixed conductor titanium oxide 
doped with lithium in Embodimwit 11. The details are 
hereinafter described. 

Except that a stainless steel spacer was inserted 
instead of the second electrode component 12 in Rg. io 
in Embodiment 1 1. a solid-state secondary lithium bat- 
t&ry was produced in the same manner as Errfoodiment 

These resulls showed thai the charge<ltecharge 
efficiency (ratio of the quantity of electricity discharged 
to the quantity of electricity charged) in charge-dis- 
charge cycle was not higher than 90 % and that there 
was observed an irregularity in the charge-discharge 
curve as the charge^ischarge cyde was repealed, the 
in^egularity seemingly attributable to a short-circuit phe- 
nomenon within the battery. 

It is surmised from those results that in the solU- 
slate secondary battery In the present comparative 
example, lithium deposited in the Uxm of dendrite in 
charging which could not completely discharge and that 
an internal short-circuit occurred within the battery as 
the charge-dtecharge cycle was repeated. 

In the embodiments, lithium fon-doped titanium 
oxide, tungsten oxide and others were used as a transi- 
tion metal oxide to fomi a second electrode conponent 
of the negative electrode; the same resuHs can be 
obtained by using other transition metal oxides Including 
rutile type titanium oxide, nfobium oxide, molybdenum 
0)dde, Iron oxide, cobalt oxide, nickel oxide, manganese 
Qxid^ complex oxides of those transition metal oxides 
with lithium, or those transition metal oxides doped with 
sodium Ions, potassium ions etc. Alsa as a lithium ion 
conductive solid electrolyte making up the second elec- 
trode component, other than those described in the 
enfoodiments can be used with identical results: they 
include UuxSCxTi2.x(P04)3 and Uo.5^xSn\).5*x*n03. To 
develop electronic-litNum foiiic mixed condudivily. fur- 
thermore, it Is possible to combine the electronic con- 
ductor and the lithium ion conductor.in which case 
lithium nitrkie can be used as lithium ion conductor; and 
It is understood that the present invention is not limited 
by the materials described in the embodiments as mate- 



rials to make the second electrode component. 

In the embodiments, metallic copper, stainless steel 
etc. were used as materials to make up the first elec- 
trode component of the negative electrode, but the 
s same results can be obtained with other materials like 
pure iroa metallic litKum, indium and aluminum; it is 
understood that the present invention Is not Hmited by 
the materials described In the embodnnenis as mat^- 
als to make up the first electrode conponent. 
10 Aisa in the embodiments^ a description was made 
of the secondary lifliium batteries with lithium cobalt 
oxfoe. lithium ntekel oxk^e etc. as positive electrode 
active materials, but it goes without saying tiial similar 
resuHs can be obtained witti ones not mentioned in the 
IS embodiments including vanalium oxide and lithium 
nickel vanadium oxkJe; it is understood that the present 
invention is not limited to tfie secondary lithium batteries 
using the positive electrode active materials described 
in the embodiments. 
» Alsa the embodiments describe tfie secondary lith- 
ium batteries using such lithium ion conductive electro- 
lytes as one prepared by cfissolving UPFg in a mixed 
solvent of propylene carbonate and dimettiaxyettmne; it 
goes without saying that identical results can be 
25 obtained with electrolytes prepared witii such support- 
ing electrolytes ottier ttian the ones described In the 
embodiments as UCIO4 and UBF4 or electrolytes pre- 
pared with ethylene carbonate and ottier solvents tfian 
tile ones described in tiie embodiments. As litiiium ion 
30 conductive solM electrolytes, too. other than those 
described in the embodiments can be used witfi identi- 
cal results, ttie ottier electrolytes including ottier inor- 
ganic solid electrolytes and polymer solM electrolytes 
like UgO-UgS-SiSg. UaS-SiSg. UI-LigS-SiSg. UgS-PaSs 
35 and U2S-B2S3; it is to be understood ttiat the present 
invention is not limited to ttie secondary lithium batteries 
using ttie electrolytes described In the embodiments. 

As described, tiie present Invention can provkle a 
secondary mum battery witti a high energy density of 
40 whteh ttie electrode reaction at ttie negative electrode is 
a^solutionKieposition reaction of metallic litiiium free 
from causing metallic lithium to grow in tiie fomi of den- 
drite. 

Altiiough ttie present invention has been described 
45 «n terms Of ttie presentiy preferred embodiments, it is to 
be understood ttiat such discfosure is not to be inter- 
preted as limiting. Various alterations and modifications 
will no doUit become apparent to those skilled in the art 
to whfoh ttie present invention pertains, after having 
so read tiie above discfosure. Acconiingly. it is intended 
tiial ttie appended claims be interpreted as covering all 
alterations and modifications as fall wittiin ttie true spirit 
and scope of ttie Invention. 

55 Claims 

1- A secondary littiium battery comprising a littiium ton 
conductive electrolyte, a positive electrode and a 
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negative electrode in cx>ntact with said electrolyte, 
wherein said negative electrode has a first elec- 
trode conponent where a deposition^nssolution 
reaction of metalfic I'rthium will take place during 
charging and discharging and a second electrode 5 
component to prevent metallic lithium from being 
deposited in the form of dendrite. 

2. The secondary litNum tsattery in accorelance with 
daim 1 , wherein said f vst electrode component has 10 
electronic oonductivfty and is electrically connected 
to a terminal of the negative electrode, and said 
second electrode conponent has electronic-ionic 
mixed conduction. 

IS 

3- The secondary lithium battery in accordance with 
claim 1. wherein said first electrode component is 
electronic conc&jctive and is electrically connected 
to a termina] of the negative electioda, and said 
second electrode component Is semiconductivB. so 



and a second electrode conponent which is com- 
prised of an electronic-ionic mixed conductive 
material. 

11- A secondary lithium battery conprising a lithium ion 
conductive electrolyte, a positlva electrode and 
negative electrode in contact with said electrolyte, 
wherein said negative electrode has a first elec- 
trode, component which is comprised of an elec- 
tronic conductive material and is electrically 
connected to a terminal of the negative electrode 
and a second electrode component which is com- 
prised of a semiconductor material. 



4. The secondary lithkim batteries in accordance with 
claim 1. wherein said second electrode component 
is formed on said first electrode component. 

5. The secondary lithium tmttery in accordance with 
claim Z, wherein the electronic conductivity of said 
second electrode component is lower than the elec- 
tric conductivity of said electrolyte. 

30 

6. The secondary lithium battery in accordance with 
claim 5, wherein the electronic conductivity at room 
temperature of said second electrode component Is 
not higher than SxiO'^Sfom. 

7. The secondary lithium battery in accordance with 
claim 2. wherein the transport number off electron of 
said second electrode component Is lower than the 
transport number of litiiium ion. 

40 

8. The secondary lithium battery in accordance with 
daim 1, wherein said second electrode conponent 
conprises a material selected from the group con- 
sisting of transition metal oxides, transition metal 
sulfides, and FrtNum ion conductive electrolytes. 4s 

9. The secondary lithium battery in accordance with 
deum 1, wherein said second electrode component 
comprises a semioonductive material having a 
bandgapof 1eVto5eV. 50 



1 0. A secondary lithium battery comprising a lithium ion 
conductive electrdyte. a positive electrode and 
negative electrode in contact witfi said electrolyte, 
wherein said negative electrode has a first elec- ss 
trode component which is conprised of an elec- 
tronic conductive material and is electrically 
connected to a terminal of the negative electrode 
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